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The constitutive decay element (CDE) of tumor
necrosis factor a (TNF-a) mRNA (Tnf) represents the
prototype of a class of RNAmotifs that mediate rapid
degradation ofmRNAs encoding regulators of the im-
mune response and development. CDE-type RNAs
are hairpin structures featuring a tri-nucleotide loop.
The protein Roquin recognizes CDE-type stem loops
and recruits theCcr4-Caf1-Notdeadenylase complex
to themRNA, thereby inducing its decay. Stem recog-
nition does not involve nucleotide bases; however,
there is a strong stemsequence requirement for func-
tional CDEs. Here, we present the solution structures
of the natural Tnf CDE and of a CDE mutant with
impaired Roquin binding. We find that the two CDEs
adopt unique and distinct structures in both the
loop and the stem, which explains the ability of Ro-
quin to recognize stem loops in a sequence-specific
manner. Our findings result in a relaxed consensus
motif for prediction of new CDE stem loops.
INTRODUCTION
In eukaryotes,mRNA abundance is regulated atmultiple levels to
ensure tight control of gene expression. Specific recognition of
RNA motifs by RNA-binding proteins is of particular importance
for post-transcriptional regulation of splicing, polyadenylation,
mRNA stability, and translation (Aparicio et al., 2013; Carpenter
et al., 2014; Hollerer et al., 2014; Topisirovic et al., 2011).
Recently, the constitutive decay element (CDE) was identified
as a structured regulatory motif in the 30-untranslated region
(UTR) of the mRNA encoding tumor necrosis factor a (TNF-a)
(Leppek et al., 2013), a highly potent pro-inflammatory cytokine
in mammals. The expression level of TNF-a needs to be tightly
controlled to avoid chronic inflammation or septic shock. The
CDE contributes to the suppression of Tnf mRNA through
binding of Roquin, an adaptor protein that recruits the Ccr4-
Caf1-Not deadenylase complex and thereby initiates degra-
dation of Tnf mRNA. Roquin is also a pivotal regulator of theStructure 23, 1437T cell-dependent B cell response (Bertossi et al., 2011; Glas-
macher et al., 2010; Linterman et al., 2009; Yu et al., 2007), where
it affects B cell selection and memory (Linterman and Vinuesa,
2010; Victora and Nussenzweig, 2012) by down-regulating the
expression of Ox40 and inducible T cell co-stimulator (ICOS)
through degradation of the corresponding mRNAs (Vinuesa
et al., 2005; Yu et al., 2007). Recent data suggest that Roquin
and another immune regulator, Regnase-1, recognize inflamma-
tion-related target mRNAs through common stem-loop motifs
(Mino et al., 2015). In addition to its function in the immune sys-
tem, a more general role of Roquin in development is suggested
by the perinatal death of Roquin-1/ mice (Athanasopoulos
et al., 2010). The identification of more than 50 highly conserved
CDEs in vertebrate genomes (Leppek et al., 2013) is a further
indication of a more widespread role of Roquin in gene expres-
sion control. Hence, it is essential to rationalize the sequence
and structural requirements of the Roquin ‘‘epitope’’ to be able
to predict yet undiscovered Roquin-binding elements in mRNAs.
From the N terminus to the C terminus, murine Roquin (1,130
amino acids) comprises an E3 ubiquitin ligase RING domain, the
RNA-binding ROQ domain (ROQ), and a zinc finger domain (ZF).
This is followed by a disordered C terminus containing a proline-
rich domain and a coiled-coil domain (Figure 1A). While the ROQ
domain mediates binding to ICOS and Tnf mRNAs via CDE mo-
tifs (Leppek et al., 2013), the C-terminal region recruits the Ccr4-
Caf1-Not complex and thereby targets the bound mRNAs for
degradation by deadenylation.
The CDE RNA element is a stem-loop motif consisting of a
short stem of 5–7 base pairs and a tri-nucleotide loop (Figure 1B).
Nucleotide identity in the apical part of the stem is critical for
decay activity, while only base pairing is required in the basal
part (Leppek et al., 2013). The sequence of the tri-nucleotide
loop is less important: bioinformatics analysis and mutagenesis
suggested YRY (Y, pyrimidine; R, purine) as the consensus
sequence (Leppek et al., 2013) with tolerance for YRR (Schlundt
et al., 2014). Recently, two structures of the ROQ domain of Ro-
quin in complex with either the murine Tnf or Hmgxb3 CDE have
shown that the CDE RNA is recognized by an extended wing-
helix structure comprising seven a helices and five b strands
(Schlundt et al., 2014; Tan et al., 2014). Residues in helix a4
and a3 as well as in the b3-W1-b4 wing contact the loop nucle-
otides UGU (Figure 1C). Space restriction for the loop nucleotide–1447, August 4, 2015 ª2015 Elsevier Ltd All rights reserved 1437
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Figure 1. Domain Composition of Murine Roquin Isoform A, RNAs from Murine Tnf CDE and Mutants, and Structure of the ROQ Domain
(A) Schematic representation of the domain composition of murine Roquin isoform A. Domains are shown as colored areas within the protein sequence. Both the
short (cyan) and the extended (Tan et al., 2014) (blue) definition of the Roquin (ROQ) domain is given. The latter approximates the sequence (89–402) used for
EMSAs in this study. RING, ring finger domain; ZF, zinc finger domain.
(B) Schematic representation of the RNAs derived frommurine TnfCDE used in this study. The light-blue area highlights the difference between the CDE-WT and
M23 sequences. Flanking regions, shown in orange, differ from the natural Tnf-CDE23-WT and the published Tnf-CDE23-M23 mutant (Leppek et al., 2013), as
described in Experimental Procedures.
(C) Schematic representation of the structure of the ROQ (147–326) domain derived from Schlundt et al. (2014). a helices are denoted by cyan cylinders,
and b sheets by magenta arrows.at position 1, together with favorable stacking interactions of
the G at position 2, explains the preference for a pyrimidine
and a purine as first and second loop nucleotides. Surprisingly,
the interaction of Roquin with the CDE stem was found to be
sequence independent: basic amino acid side chains establish
electrostatic contacts with the backbone of the 50 strand. The
major groove of the CDE stem faces the protein; however,
none of the nucleotide bases are recognized specifically
(Schlundt et al., 2014; Tan et al., 2014). Of note, nucleotide iden-
tity in the apical part of the stem has been shown to be important
for functional CDEs in cells (Leppek et al., 2013). From the above
two studies it remains unclear what causes the sequence spec-
ificity in the apical part of the stem of the Roquin ‘‘epitope’’.
Here, we present the structures of the wild-type (WT) mouse
Tnf CDE (CDE-WT) and a mutant thereof, CDE-M23, in solution.
CDE-M23 differs from the WT sequence in that it harbors a
compensatory 2-base pair mutation in the apical part of the
stem, whereby these base pairs are inverted (Figure 1B). We
find that the CDE-WT RNA is structurally preformed to bind
Roquin; both the loop and the stem are in a conformation similar
to that seen in complex with ROQ. On the other hand, CDE-M23
assumes a different conformation in both the loop and the stem.
A consecutive cross-strand purine stack moves the position of
the backbone of the nucleotides 50 to the loop by 3–8 A˚, thus
impairing the electrostatic contacts with the protein. On the basis1438 Structure 23, 1437–1447, August 4, 2015 ª2015 Elsevier Ltd Alof our findings, we rationalize the sequence specificity of the
Roquin ‘‘epitope’’ and attribute it to changes in the geometry
of the free RNA, rather than to direct base recognition. Finally,
we use our results to build a new, less stringent CDE consensus
sequence.
RESULTS
Structure Characterization of CDE-WT in Solution
We first performed nuclear magnetic resonance (NMR) analysis
of the free CDE-WT RNA to determine its conformation in
solution. We observe six imino resonances for the CDE-WT,
corresponding to 2 G-C and 4 A-U base pairs (Figure 2A). The
presence of six base pairs is confirmed by the H bond-mediated
2JNN correlations observed in the HNN-COSY spectrum (Fig-
ure 2B). In contrast to Schlundt et al. (2014), we find only one
conformation for the RNA in solution and stable base pairs for
the stretches 5–10 and 14–19. To rule out the presence of duplex
CDE-WT RNA, as observed in Tan et al. (2014), wemeasured the
relaxation rates R1 and R1r for both C1
0 and Cbase. We obtained
average values of R2 and R1 of 23 and 2.3 Hz for the C1
0 in the
stem (excluding 14 and 15, which show a large Rex contribution
to R2), 32.7 and 2.4 Hz for the C5 and C6 of pyrimidines, and 29.7
and 2.9 Hz for the C8 of purines (Table S1). Analysis of R2/R1 ra-
tios according to Gryk et al. (1998) yields an estimation for tc ofl rights reserved
A B Figure 2. NMR Analysis of CDE RNAs
(A) Imino region of the 2D NOESY spectrum for
(top) CDE-WT and (bottom) CDE-M23 RNAs.
(B) The six base pairs of CDE-WT are directly
observed in the HNN-COSY spectrum. Magneti-
zation is transferred from the N3 of Us and N1 of Gs
to the N1 of As and N3 of Cs through H bond-
mediated 2JNN couplings.approximately 4.9 ns, which confirms the monomeric hairpin
structure. Instead, the duplex RNA found in Tan et al. (2014) is
predicted to have a tc of 10 ns. Thus, the free CDE-WT hairpin
folds into a single hairpin in solution.
The structure of the CDE-WT RNA was calculated using 326
nuclear Overhauser effects (NOEs), 82 dihedral angle restraints,
and 49 residual dipolar couplings (RDCs) (19 for the ribose and
30 for the base C-H vectors, Figure S1). The ten lowest-energy
structures converge to a defined bundle for residues 5–19
(pairwise root-mean-square deviation [rmsd] of all heavy atoms =
0.57 A˚, Figure S2A). No NOE violations above 0.30 A˚ are
observed for the final water-refined conformers, showing a
good agreement of the structures with the experimental data
(Figures S3A and S4A). A detailed description of the structural
quality is given in Table 1.
A representative structure of the bundle is shown in Figure 3A
(PDB: 2N2O). The CDE-WT stem is formed by six canonical WC
base pairs spanning from G5 to C10 and from G14 to C19. We
could not detect base pairing between U4 and G20 down to a
temperature of 280 K. The CDE-WT stem displays a widened
major groove (Bullock et al., 2010; Tanaka et al., 1999). A similar
geometry is found also for the CDE-WT and Hmgxb3 RNAs
bound to ROQ (PDB: 4QI2 and 4QIL, respectively) (Schlundt
et al., 2014; Tan et al., 2014). It is likely that widening of the major
groove is a consequence of the continuous stacking of purine
nucleotides (Figure 3B) and allows Roquin to approach the
RNA helix from this side.
Surprisingly, the tri-loop nucleotides display a well-defined
conformation (heavy atoms rmsd = 0.45 ± 0.08 A˚). G12 positions
itself upon the apical G-C base pair (Figures 3A and 3B), resulting
in an unusual non-sequential NOE between G12-H40 and G14-
H10. U13 leans toward the major groove of the stem while U11
points away from it (Figure 3A).
An overlap of the CDE-WT stem loop free in solution and
bound to ROQ (Figures 3C and 3D) reveals that the two RNA
structures are similar in both stem and loop conformation. The
loop of the free RNA seems to be optimally pre-folded to interact
with the protein: in the complex the purine stack extends fromStructure 23, 1437–1447, August 4, 2015 ªG12 to G19 and is completed by the
side-chain of R219 (Schlundt et al.,
2014). The protein helix a4 contacts
both G12 and U13 from the major groove
side, whereas U11 fits closely in a pocket
formed by the b3-loop-b4 wing region,
away from the major groove (Figure 3E).
In the free RNA, G12 adopts a position
similar to that in the complex upon the
last base pair of the stem, and U13 is
pre-positioned on the side of the majorgroove. The 50 strand backbone of the free RNA overlaps very
well with that of the boundRNA and supports the numerous elec-
trostatic contacts with ROQ K220, S238, K239, T240, and S264
(Figures 3E and 3F). Themajor difference is seen in the backbone
of the 30 strand, which bends toward the protein in the bound
structure to allow for the recognition of U13 (Figure 3C). The 30
strand, however, is not in contact with the protein. Taking these
data together, we find that the free structure of the CDE-WT is
pre-organized to bind the ROQ domain of Roquin and allows for-
mation of the complex without costly conformational changes.
R2/R1 rates (Figure S5; Table S1) show that the relaxation
properties of CDE-WT are uniform for the stem residues; lower
R2 rates are seen in the disordered regions encompassing
residues 1–4 and 20–23, and to a lesser extent for the tri-loop,
which retains some conformational dynamics in the absence of
the protein. The ribose of G14 has a very high R2 rate, which,
together with the intensity of the H10-H20 peak in the COSY cor-
relation, suggests the presence of conformational equilibrium
between the C30-endo and C20-endo conformations. In complex
with the protein, both the loop and the G14 ribose rigidify and
display B factors similar to those of the other structured parts
of the stem. The G14 ribose adopts the C30-endo conformation.
In all, the CDE-WT RNA has a well-defined structure in solution
and minimal adaptation is required to bind Roquin.
Overhang Nucleotides Flanking the CDE Stem Reduce
the Affinity for ROQ
The terminal nucleotides 1–4 and 20–23 of the CDE are unstruc-
tured. From previous experiments we know that elongation of
the stem interferes with the decay activity of the CDE in cells
(Leppek et al., 2013), indicating that unpaired sequence flanking
the stem is important for CDE function. To test the relevance of
these nucleotides for binding to Roquin, the unpaired terminal
nucleotides were removed in Tnf-CDE17. By electromobility shift
assay (EMSA), we found that recombinant ROQ89402 binds to
the Tnf-CDE23 stem loop, which includes the unpaired terminal
nucleotides, with an apparent Kd of 103 nM, whereas Tnf-CDE17
showed an increased affinity toROQwith aKd of 53 nM (Figure 4).2015 Elsevier Ltd All rights reserved 1439
Table 1. Statistics for the Ten Lowest-Energy Structures
Resulting from theNMR-Based StructureCalculations ofBoth the
CDE-WT and CDE-M23 RNAs
CDE-WT CDE-M23
PDB 2N2O 2N2P
Distance Restraints
Total unambiguous NOEs 320 346
Intra-residue 230 248
Sequential 85 91
Long-range 5 7
Total ambiguous NOEs 6 15
Dihedral angles restraints 82 82
Hydrogen bonds 28 28
Unambiguous Distance Restraints Distribution
Strong (1.8–3.0 A˚) 31 35
Medium (2.4–4.0 A˚) 224 226
Weak (3.0–6.0 A˚) 65 85
Base-base 14 15
Base-ribose 182 184
Ribose-ribose 124 147
Residual Dipolar Couplings
Base 30 28
Ribose 19 19
Deviations from Idealized Geometry
Bond lengths (A˚) 0.0028 ± 0.0001 0.0028 ± 0.0001
Bond angles () 0.79 ± 0.01 0.84 ± 0.03
Impropers () 0.65 ± 0.04 0.77 ± 0.05
Violations (Mean ± SD)
Distance restraints rmsd (A˚) 0.043 ± 0.002 0.051 ± 0.002
Distance restraints
violations >0.5 A˚
0 0
Distance restraints
violations >0.3 A˚
0.1 ± 0.3 0.4 ± 0.91
Distance restraints
violations >0.1 A˚
18.9 ± 3.0 27.2 ± 2.6
Dihedral angle restraints
rmsd ()
0.33 ± 0.15 0.67 ± 0.10
Dihedral angle violations >5 0 0
Rmsd to Mean (A˚)
All atoms (5–19) 0.57 ± 0.07 0.58 ± 0.06
All atoms (5–10, 14–19) 0.57 ± 0.08 0.54 ± 0.06
Residual Dipolar Couplings Statistics
Q factor 0.103 ± 0.010 0.169 ± 0.005This shows that flanking overhangs decrease ROQ-CDE affinity
by 2-fold. We can only speculate why the 30 and 50 overhangs
diminish binding to Roquin; most likely, the overhangs mildly
destabilize formation of the short stem by offering alternative
interaction partners to the stem bases. These alternative interac-
tions must be of transient nature, as the terminal nucleotides
appear disordered in the NMR analysis. Moreover, this result in-
dicates that in the full-length Roquin protein, regions outside of
the ROQ domain contribute to recognition of the CDE: while un-
paired flanking sequences appear to be essential for CDE activ-1440 Structure 23, 1437–1447, August 4, 2015 ª2015 Elsevier Ltd Ality inside cells (Leppek et al., 2013), they are not required for
binding the ROQ domain in isolation.
In contrast to Tnf-CDE23-WT, the mutant Tnf-CDE23-M23,
which harbors a 2 base pair inversion in the apical part of
the stem, did not efficiently bind to ROQ89402; partial com-
plex formation at the highest ROQ concentration suggests a
Kd >1,000 nM (Figure 4). From these EMSA experiments we
conclude that ROQ recognizes the CDE stem loop with highest
affinity in the absence of flexible overhang sequences, and bind-
ing strongly depends on a continuous purine stack in the 50
strand of the apical stem.
Structure Characterization of CDE-M23 in Solution
To reveal structural determinants that render the CDE mutant
M23 incompetent for Roquin binding, we determined the solu-
tion structure of CDE-M23. Analogously to that of the CDE-WT
RNA, the structure of CDE-M23 was determined from 361 dis-
tance restraints, 82 dihedral angle restraints, and 47 RDCs (19
for the ribose and 28 for the base C-H vectors, Figure S1). The
stem of the CDE-M23 consists of six base pairs, as confirmed
by 2D imino NOE spectroscopy (NOESY) and [15N] heteronuclear
single-quantum correlation (HSQC) experiments.
The ten lowest-energy structures converge to a defined
bundle for residues 5–19 (pairwise rmsd of all heavy atoms =
0.58 A˚, Figure S2B). No NOE violations above 0.34 A˚ are
observed for the final water-refined conformers, showing, also
in this case, good agreement of the structures with the experi-
mental data (Figures S3B and S4B). The parameters for struc-
tural quality are reported in Table 1.
The structure of the stem (Figure 5; PDB: 2N2P) is similar to
that of the CDE-WT for the four basal base pairs (nucleotides
5–8 and 16–19; heavy atoms rmsd = 1.2 A˚), while it deviates
considerably in the most apical two base pairs (whole stem
backbone rmsd = 2.2 A˚). In particular, the phosphate of nucleo-
tides 10 and 11, on the 50 site of the loop,move by 3.6 and 10.2 A˚,
respectively, toward the minor groove, thus widening the major
groove even further (Figure 5C). Upon superimposition of the
four basal base pairs of the stem of CDE-M23 on the structure
of the ROQ-bound CDE-WT (PDB: 4QI2; Figure 5D) it becomes
evident that this movement of the backbone does not support
formation of the hydrogen bonds between ROQ-K220 and
S264 with the phosphates of the RNA at position 10 and 11,
respectively. Stacking of purine residues from the 30 and the 50
strand in the stem causes the change in the backbone geometry
(Figure 5B). Unlike CDE-WT, for which continuous stacking of
five purine rings involves only nucleotides of the 50 strand,
stacking of the five purines in CDE-M23 requires cross-strand
packing of A9 and G10 on the stack A16–A18, which causes a
significant shift of the backbone (Figure 5C). In agreement with
this, CDE-M23 does not bind the ROQ domain with high affinity,
as shown by EMSA (Figure 4), while the mutant CDE-SM2, with
only one inversion of the most apical base pair, retains its pro-
tein-binding activity with a moderate decrease in affinity
(Schlundt et al., 2014). In accord with the notion that impairment
of the H bonding between the RNA backbone and K220 affects
binding, mutant protein K220A shows considerably reduced af-
finity for the CDE (Schlundt et al., 2014).
In addition to the stem geometry, the tri-loop of CDE-M23
assumes a completely different conformation compared withl rights reserved
Figure 3. Structure of the CDE-WT RNA in
Solution
(A) Cartoon representation of the structure of
CDE-WT RNA (5–19); the disordered nucleotides
1–4 and 20–23 are not shown for clarity. Residues
11–13 are displayed in cyan, gold, and red,
respectively; 50 strand and 30 strand are shown in
blue and orange, respectively. See also Figures
S1A, S2A, S3A, S4A, and S5, and Table S1.
(B) Purine stacking of the 30 strand and loop G12.
(C) Overlay of the structure of CDE-WT RNA free in
solution (colored) and bound to ROQ (gray, PDB:
4QI2).
(D) Zoom of the loop residues of (C).
(E) Structure of the complex ROQ-CDE23 from
PDB: 4QI2. The most relevant protein-RNA con-
tacts are indicated.
(F) Free CDE-WT fitted on the stem residues (5–10,
14–19) of the ROQ-bound CDE23 from PDB: 4QI2;
the structure of the ROQ domain from PDB: 4QI2
is shown as gray cartoon. Intermolecular protein-
RNA contacts are shown that do not require
changes in the structure of the free RNA upon
complex formation.CDE-WT. G12 is not positioned on the apical part of the stem but
flaps toward theminor groove,whileU13 tends to stackon the top
of C14 (Figure 5A). Such a loop conformation does not support
binding to Roquin: a large conformational rearrangement would
have to occur to allow for protein recognition. This enthalpic pen-
alty, together with the distorted backbone conformation, explains
the loss of affinity of the CDE-M23 mutant for Roquin.
Protein recognition of RNA through shape complementarity
rather than sequence specificity is a well-accepted fact (Chang
and Ramos, 2005; Draper, 1999; Stefl et al., 2005; Tan et al.,
2013). When protein binding is dependent on RNA sequence,
however, specific recognition of RNA nucleotides is assumed.
Our study underlines the relevance of the free RNA conforma-
tion, its dependence on sequence identity, and its influence on
the energetics of the binding event. Both CDE-WT and CDE-
M23 fold into a 6 base pair stem and a tri-loop, yet the structure
of the tri-nucleotide loop and of the apical part of the stemStructure 23, 1437–1447, August 4, 2015 ªdisfavors the interaction of CDE-M23
with Roquin and severely impairs binding
(Figure 5D).
The deep and narrow shape of the ma-
jor groove in A-form RNA does not allow
interactions with either peptides or pro-
teins. In the past years several structures
have been reported that show RNA
helices in a different geometry, with a
widened major groove (Bullock et al.,
2010; Carlomagno et al., 2013; Tanaka
et al., 1999). The so-called A0-form helix
can be achieved with nearly no changes
in RNA backbone angles, and displays
an unwound helix and a major groove
almost as wide as that of B-DNA (Tanaka
et al., 1999). In a very elegant study
(Bullock et al., 2010), the Lukavsky labo-ratory suggested that in the K10 RNA, which is involved in
mRNA transport, two spatially registeredwidenedmajor grooves
may constitute a binding site for the transport machinery. Similar
to the CDE-type stem loop, a stem sequence that supports pu-
rine stacking is essential for a functional K10 RNA.
The Basal Stem Mutant CDE-M7 Can Be Functionally
Reactivated by Excess of Roquin
To further address the importance of the basal stem sequence
for ROQ-CDE complex formation, we employed a functional
approach. As shown previously, overexpression of Roquin or
Roquin2 accelerates CDE-mediated mRNA decay in cells,
whereas a reporter mRNA lacking a CDE is not affected by
excess of Roquin (Leppek et al., 2013). Here, we investigated
CDE-WT and CDE-M23 along with two additional CDE mutants,
M7 and M9, both of which did not mediate mRNA decay in the
absence of exogenous Roquin in NIH3T3 cells (Leppek et al.,2015 Elsevier Ltd All rights reserved 1441
Figure 4. Flanking Unpaired Sequence of
CDE RNA Destabilizes ROQ-CDE23 Binding
In Vitro
Binding of recombinant ROQ (89–402) to the CDE
RNA in vitro was measured by electromobility shift
assay (EMSA). Radiolabeled Tnf-CDE23, CDE17,
and CDE23-M23 RNAs were incubated with
increasing concentrations of ROQ. Free RNA
(black arrowhead) was separated from RNA-
protein complexes (white arrowhead) by native
6% PAGE. The apparent dissociation constant
(average Kd ± SE) was calculated from n = 3 in-
dependent experiments.2013). In M7, the CDE stem is weakened by disruption of the last
WC base pair in the basal part of the stem. In contrast, the M9
mutant, where substitutions severely affect the apical part of
the stem and the loop (Figure 6A), is expected to be incompetent
for Roquin binding. Interestingly, the reporter mRNA containing
the Tnf-CDE37-M7 mutant showed strong binding to EGFP-
Roquin, similar to Tnf-CDE37-WT in an RNA-immunoprecipita-
tion (IP) experiment in HEK293 cells, whereas EGFP-Roquin
did not associate with the Tnf-CDE37-M9 or -M23 reporter
mRNAs (Figure 6B). This is consistent with an RNA helix in M23
that does not bind Roquin. We further analyzed mRNA decay
activity of the CDE mutants in the presence of overexpressed
Roquin upon transient transfection in NIH3T3 cells (Figure 6C).
In comparison with the control globin mRNA lacking a CDE,
which was unaffected by excess Roquin, decay of the CDE37-
WT reporter mRNA was accelerated in the presence of excess
Roquin, as reported previously (Leppek et al., 2013). While the
Tnf-CDE37-M7 reporter mRNA was stable in the presence of
EGFP, its decay was induced by overexpression of EGFP-
Roquin. In contrast, decay of the Tnf-CDE37-M9 and -M23
mRNAs could not be induced by overexpression of EGFP-Ro-
quin (Figure 6C). These results show that the capacity of the
different mutants to mediate decay upon Roquin overexpression
correlates perfectly with their ability to bind Roquin in RNA-IP ex-
periments (Figure 6B). Since the weakly destabilized basal CDE
stem mutant M7 can be activated by overexpression of Roquin,
binding of Roquin to the apical part of the stem loop appears to
lock the CDE in its active conformation.
DISCUSSION
Sequence Requirements of CDE Motifs: An Extended
Consensus
Analysis of sequence conservation of the Tnf CDE motif across
mammalian species led to the proposal of a 17-nucleotide
consensus sequence consisting of a conserved stem and a1442 Structure 23, 1437–1447, August 4, 2015 ª2015 Elsevier Ltd All rights reservedYGU tri-loop (Leppek et al., 2013;
Schlundt et al., 2014). Our novel data,
together with mutational analysis pub-
lished previously (Leppek et al., 2013;
Schlundt et al., 2014), allow us to propose
a revised consensus sequence with less
stringent requirements (Figure 7A).
Previous data (Leppek et al., 2013) and
the activity profile of the Tnf-CDE-M7mutant reported here indicate that a 6 base pair stem is required
for Roquin binding. No specific sequence is needed for the three
basal base pairs. On the other hand, mutants containing an
inversion of the fourth and fifth base pairs of the stem are inactive
with regard to CDE-mediated mRNA decay (Leppek et al., 2013),
suggesting that sequence identity may be required at these po-
sitions. In addition, substitution of the fourth and fifth U-A base
pairs with C-G base pairs preserves ROQ binding, albeit with
three times less affinity (Figure 7B) (Schlundt et al., 2014). As
far as the tri-loop is concerned, sequence identity does not
seem to be critical, as long as a purine is avoided in the first
position (Leppek et al., 2013; Schlundt et al., 2014). This is sup-
ported by the evolutionary conservation of a pyrimidine at this
position, U and C, in mouse and human Tnf CDEs, respectively,
which are both functional in mediating mRNA decay (Figure 7B)
(Leppek et al., 2013). A purine in the second position is preferred,
with a pyrimidine being tolerated at the expense of a modest af-
finity loss (Schlundt et al., 2014).
Our structures provide a rationale for these observations. The
fourth and fifth base pairs of the stem are not recognized specif-
ically; however, inversion of one of them induces a distortion in
the RNA backbone. This is a consequence of cross-strand pu-
rine stacking, which brings the backbone of the 50 strand of the
CDE away from the protein side chains and impairs H bonding
in this region. This effect is predicted to be stronger when driven
by a continuous stack of purines starting from the terminal part of
the stem.
In agreement with our structural analysis, the CDE-like motif
proposed for Ox40 (Figure 7B), which lacks a purine stack alto-
gether, is not bound efficiently by ROQ, with a reduction in affin-
ity of about two orders of magnitude (Schlundt et al., 2014). The
absence of a purine stack in the proposed Ox40 CDE stem does
not support widening of the major groove and pre-formation of
the tri-loop binding conformation observed for the Tnf CDE-
WT, thus explaining why binding to ROQ is only marginal. Over-
all, the binding affinity of Roquin to the CDE motif is modulated
Figure 5. Structure of CDE-M23 in Solution
(A) 50 and 30 strands are shown in green and
brown, respectively; loop nucleotides U11, G12,
and U13 are shown in cyan, yellow, and red,
respectively. See also Figures S1B, S2B, S3B,
and S4B.
(B) Purine stacking of the 30 strand A16-A18 and
the 50 strand A9 and G10. This cross-strand
stacking moves the backbone of the 50 strand
away from the major groove, as shown in (C).
(C) The CDE-M23 is overlaid on top of the CDE-WT
(fit over residues 5–8, 16–19). Blue dashed lines
connect the same nucleotides in the left panel to
the expanded view in the right panel. The differ-
ences in the backbone of nucleotides 10 and 11
and in the position of the base of G12 are evident
(phosphorus displacements are shown as black
dashed lines and quantified in A˚).
(D) Free CDE-M23 fitted on stem residues (5–8,
16–19) of the ROQ-bound CDE23 from PDB: 4QI2;
the structure of the ROQ domain (PDB: 4QI2) is
shown as gray cartoon. Backbone RNA contacts
involving protein residues K220 and S264 are not
supported by the mutant structure.by the stem sequence identity, as this influences the conforma-
tion of the free RNA in solution.
The activity of the Ox40 30-UTR region in supporting Roquin-
dependent mRNA decay (Schlundt et al., 2014; Vogel et al.,
2013) seems to contradict our interpretation. However, compar-
ison of the EMSA assays reported in the literature shows that
binding of a longer Roquin construct, containing also the ZF
domain (Vogel et al., 2013), to the full-length Ox40 mRNA is
much stronger than binding of the ROQ domain alone to the
proposed CDE-like Ox40 motif (Schlundt et al., 2014). Thus,
the affinity of the Ox40 mRNA for Roquin may increase due to
further interactions with the ZF domain. This notion is supported
by a report on the association of the ICOS mRNA with Roquin
deletion mutants (Glasmacher et al., 2010). Alternatively, it is
also possible that another region in the Ox40 30-UTR contains
a CDE with higher affinity for the ROQ domain.
Our newCDE consensus sequence for the recognition of stem-
loop motifs by the ROQ domain of Roquin is less stringent than
previously reported (Figure 7A) (Leppek et al., 2013; Schlundt
et al., 2014). Tightest binding is obtained in the presence of an
A-tract on the 30 strand, as this induces widening of the major
groove and pre-organization of the 50 strand backbone and loop
residues to support Roquin binding. However, a variety of se-
quencesare tolerated in the stem, as longasa purine tract of three
to four nucleotides is maintained at the 30 side of the tri-loop.
Considerable reduction in Roquin-binding affinity is expected for
sequences not containing a purine tract 30 of the loop; the activity
of these sequences in suppression of gene expression (Schlundt
et al., 2014; Vogel et al., 2013) might be rescued by Roquin-
mRNA interactions other than the ROQ-CDE complex.
Conclusions
Here, we solved the solution structures of the Tnf CDE-WT RNA
and of the inactive mutant CDE-M23 containing a set of two in-
verted base pairs at the most apical positions of the stem.
CDE-M23 is not bound by Roquin, the cognate functional inter-Structure 23, 1437acting protein of CDE-WT involved in the regulation of TnfmRNA
decay. We show that, in solution, CDE-WT adopts a structure
very similar to that reported in complex with Roquin by X-ray
crystallography (Schlundt et al., 2014). Both the stem and the
tri-loop are pre-organized to make electrostatic and hydropho-
bic contacts with the ROQ domain, thus rationalizing the high
affinity of CDE-WT for Roquin. This structure is supported by a
purine stack in the A-tract of the stem and results in a specific
register of the phosphodiester groups of the apical part of the
stem, recognized by Roquin. In contrast, the sequence of the
CDE-M23 RNA stem alters the purine stack and causes the
loss of affinity for Roquin. We conclude that, besides mRNA
transport pathways (Bullock et al., 2010), CDE-mediated
mRNA decay represents a second function that can be attrib-
uted to a specific A0-form helical conformation. These two exam-
ples indicate an unexpected importance of unique and distinct
RNA helical conformations in controlling interactions during
post-transcriptional regulation of gene expression.EXPERIMENTAL PROCEDURES
RNA Preparation
13C, 15N isotopically enriched CDE-WT andmutant RNAs (Figure 1B) were pre-
pared by in vitro transcription. To prevent inhomogeneous 30 ends, the RNAs
were processed with a hammerhead ribozyme (Price et al., 1995), which cuts
the 30 extension preferentially after a uridine. Thus, the constructs differ from
the mouse Tnf WT sequence (Leppek et al., 2013) in that the 30-terminal
A22G23 are substituted by U22U23. In addition, to increase transcription
yields, a guanosine was added at the 50 end. These residues are not relevant
to the structure, as they do not interact with Roquin (Schlundt et al., 2014).
The final sequences for the CDE-WT and CDE-M23 constructs used in the
structural characterization are 50-GCAUGUUUUCUGUGAAAACGGUU-30
and 50-GCAUGUUUAGUGUCUAAACGGUU-30. RNAs were dissolved in D2O
containing 20 mM phosphate buffer at pH 6.5 (final RNA concentration,
0.3 mM). Annealing was performed for 10 min at 80C followed by
cooling for 30 min at room temperature. For NMR experiments detecting the
exchangeable protons, the solvent was exchanged from D2O to H2O (90%)/
D2O (10%) via Speedvac at 318 K. Final annealing was performed as above.–1447, August 4, 2015 ª2015 Elsevier Ltd All rights reserved 1443
AB
C
Figure 6. Roquin Overexpression Induces
mRNA Degradation via the Stem Mutant M7
but Not M23
(A) Schematic representation of the mouse
Tnf-CDE-WT, -M7, -M9, and -M23 stem loops. The
WT andmutant CDE37 fragments were inserted into
the 30-UTR of the globin reporter gene.
(B) Binding of Roquin to globin (), globin-
Tnf-CDE37-WT, -M7, -M9, and -M23 mRNA was
analyzed by RNA-IP from HEK293 cells transiently
transfected with EGFP-Roquin and the globin
reporter genes. Following IP, EGFP-Roquin was
monitored by anti-GFP western blot analysis, and
associated reporter mRNAs were visualized by
northern blot analysis; nucleolin (ncl) mRNA serves
as negative control. The fraction ofmRNAbound by
IP is given as percent of the input.
(C) The effect of EGFP-Roquin overexpression on
globin-Tnf-CDE37-WT, -M7, -M9, and -M23 mRNA
decay was examined by transient transfection in
NIH3T3 cells. Globin mRNA alone () serves as
negative control. mRNA decaywasmeasured upon
treatment with 5 mg/ml actinomycin D (actD). Total
RNA was extracted at 2-hr intervals, resolved on
1.1% agarose gels, and subjected to northern blot
analysis. Globin mRNA signals normalized to ncl
mRNAwere used for calculation of mRNA half-lives
(t1/2 ± SD, nR 3).Protein Expression and Purification
Recombinant protein, corresponding to the ROQdomain ofMusmusculusRo-
quin (Rc3h1) spanning residues 89–402, was PCR-amplified with the following
primers: forward, GCCATGGGGGTTGAAGATACAAAGCATTATGAGGA;
reverse, GGCTCGAGCTATCCTTTTTTGCTGTGGTTCTGGA. The obtained
PCR product was cloned into the PCR-Blunt vector (Invitrogen) and the
sequence confirmed by sequencing. Next, the DNA fragment was subcloned
into the pETM11 expression plasmid (EMBL collection) using NcoI/XhoI re-
striction sites. The final construct was transformed into the BL21 expression
strain (Novagen).
The ROQ domain was expressed overnight after induction with 0.5 mM
IPTG. The protein was purified by four steps of chromatography (nickel affinity,
anion exchange, heparin affinity, and gel filtration). The His-tag was removed
using His-TEV (tobacco etch virus) protease (Rigaut et al., 1999). During and
after purification, the presence of RNAase contamination was ruled out using
the RNAase Alert kit (Life Technologies).
EMSA
EMSA was performed according to Leppek et al. (2013). Recombinant
ROQ89402 protein and the following RNAs were used for EMSAs: Tnf-CDE231444 Structure 23, 1437–1447, August 4, 2015 ª2015 Elsevier Ltd All rights reserved(23 nt, ACAUGUUUUCUGUGAAAACGGAG),
Tnf-CDE23-M23 (23 nt, ACAUGUUUAGUGUC
UAAACGGAG), Tnf-CDE17 (17 nt, UGUUUUCUG
UGAAAACG). RNAs were commercially synthe-
sized (Biomers.net; Microsynth) and 50 end-labeled
using [g-32P]ATP and T4 polynucleotide kinase
(NEB). 20 mM ZnSO4 was added to the binding
buffer, the polyacrylamide gel, and the Tris/
borate/EDTA running buffer.
Cell Culture, Transfection, and Plasmids
HEK293T and NIH3T3 cells were cultured in DMEM
(Gibco) supplemented with 10% fetal calf serum
(PAA Laboratories), 2 mM L-glutamine, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin (all PAN
Biotech) at 37C in 5% CO2. NIH3T3 B2A2 cells
(Xu et al., 1998) were a kind gift from Ann-Bin Shyu (University of Texas-Hous-
ton Medical School). Cells were seeded in 10-cm dishes and transfected the
following day with 9–12 mg of plasmid using polyethyleneimine (PEI; Polyscien-
ces Europe, 1 mg/ml, pH 7.0) at a ratio of 1:2 (DNA/PEI) in serum-free and anti-
biotic-free DMEM. The medium was changed to regular DMEM 4–6 hr after
transfection. The following plasmids have been described previously: pur-
oMXbglobin (p2220) containing the b-globin gene driven by the Moloney mu-
rine leukemia virus promoter (Stoecklin et al., 2001); pEGFP-N1 (Clontech/BD
Biosciences); plasmid pLNCX2-EGFP-Roquin (p2838) encoding EGFP-
tagged full-length mouse Roquin (Glasmacher et al., 2010) (kindly provided
by Vigo Heissmeyer, Helmholtz Center Munich); puroMXb-Tnf-CDE37-V3
(p2823), puroMXb-Tnf-CDE37-V3-M7 (p2831), puroMXb-Tnf-CDE37-V3-M9
(p2833), and puroMXb-Tnf-CDE37-V3-M23 (p2960) (Leppek et al., 2013).
RNA-IP
RNA-IP from HEK293T cells was performed according to Leppek et al. (2013).
In brief, HEK293T cells grown in 10-cm dishes were transiently transfected
24 hr prior to being mechanically disrupted by cryomilling and solubilized in
400 ml of RNA-IP lysis buffer. A protein (1:40) and RNA (1:13) input sample
were saved before EGFP-tagged proteins were purified using the GFP binder
A B
Figure 7. Extended CDE Consensus Sequence for ROQ Binding
(A) The new consensus sequence (left) is more permissive than that proposed in Leppek et al. (2013) (right). Base pair numbering is given on the left side of the
panel. N, any nucleotide; R, purine; Y, pyrimidine. The purines/pyrimidines in white letters on black background can be individually substituted by pyrimidines/
purines with moderate affinity loss, as long as base pairs are conserved.
(B) Sequence alignment of the stem and loopmutants of the TnfCDE, aswell as ICOS andOx40CDE-like motifs, together with their respectiveKd and decay rates
from this study, Leppek et al. (2013), and Schlundt et al. (2014), indicated by a and b, respectively. Areas highlighted in yellow and blue show the stem and loop
regions, respectively. ICOS and Ox40 CDE sequences are given for comparison. *mRNA half-lives: +++, <2.0 hr; ++, 2.0–3.9 hr; +, 4.0–8.9 hr; –,R9.0 hr.as described previously (Rothbauer et al., 2008). For IP, lysates were incu-
bated with Sepharose-coupled GFP binder for 2–4 hr at 4C. After washing
twice with RNA-IP lysis buffer and four times at 300 mM NaCl concentration
with RNA-IP wash buffer, protein was eluted from 1:5 of the beads using
SDS sample buffer. Finally RNA was eluted from 4:5 of the beads using
500 ml of TriFast reagent (PeqLab).
mRNA Decay Assay and Northern Blot Analysis
For reporter mRNA decay experiments, NIH3T3 B2A2 cells were transiently
transfected with puroMXbglobin reporter plasmids according to Leppek
et al. (2013). 24 hr after transfection, mRNA decay assays were performed
by the addition of actinomycin D (5 mg/ml, Applichem, Cat. No. A1489) to the
medium for the indicated time intervals, before harvesting cells and extraction
of total RNA using the Genematrix universal RNA purification kit (EURx, Robo-
klon). mRNA levels were determined by northern blot analysis using digoxige-
nin-labeled RNA probes against globin and nucleolin.
NMR
NMR experiments were recorded on Bruker Avance II 600-, 700-, and
800-MHz spectrometers. Structural restraints were collected at 300 K,
whereas spectra involving exchangeable protons were recorded at 280 K
(CDE-WT) and 290 K (CDE-M23).
Assignment of CDE-WT and CDE-M23 was performed using Analysis
(Vranken et al., 2005). 13C-HSQC, 15N-HSQC, 2D imino NOESY (mixing times,
100 and 200 ms), 3D HsCNb/HbCNb (Sklena´r et al., 1994, 1998), 2D HNN-
COSY (Hennig and Williamson, 2000), 3D HCCH-COSY-TOCSY (Hu et al.,
1998) (mixing time, 4.5 ms), and 3D 13C-edited NOESY (mixing time,
300 ms) were used for assignment. The phosphorous nuclei were assigned
through HCP (Marino et al., 1994) and 1H-31P Het-Cor (P,H-COSY-
H,C-HMQC) (Carlomagno et al., 2002; Varani et al., 1995) experiments. T1r
and T1 relaxation experiments on CDE-WT were recorded as scan-by-scan
interleaved pseudo 3D experiments. Two series of experiments, for the
C10-H10, C5-H5, and C2-H2, C6-H6, C8-H8 resonances, respectively, were
recorded as in Muhandiram et al. (1995) and Yamazaki et al. (1994). T1r exper-
iments used an irradiation field of 2,360 Hz with ten relaxation delays varyingStructure 23, 1437between 0 and 48 ms. T1 experiments were recorded with nine relaxation
delays from 20 ms to 1 s. The relaxation decays were fitted using CCPNMR
Analysis 2.1 (Vranken et al., 2005). RDCs were collected at 800 (CDE-M23)
or 700 (CDE-WT) MHz (Cordier et al., 1999) for 13C correlations of both
the C2-H2, C6-H6, C8-H8 and C10-H10, C5-H5 resonances. The oriented
phase was obtained upon addition of 15 mg/ml of Pf1 phages (Clore et al.,
1998a) (ASLA Biotech), which yielded deuterium splitting in the range of
22–24 Hz.
NOE intensities from the 3D 13C-edited NOESYwere converted to distances
using an average of the H5-H6 distances in pyrimidines for calibration; the dis-
tance restraints were classified as strong (1.8–3.0 A˚), medium (2.4–4.0 A˚), and
weak (3.0–6.0 A˚). 49 and 47 RDCs were obtained for CDE-WT and CDE-M23,
respectively.
Structure Calculation
Structures were calculated using Aria 1.2/CNS 1.1 (Bru¨nger et al., 1998; Oh-
lenschla¨ger et al., 2008). 326 restraints (320 unambiguous and 6 ambiguous)
and 361 restraints (346 unambiguous and 15 ambiguous) were used for
CDE-WT and CDE-M23, respectively. Mild restraints were applied to the a
and z angles (0 ± 120) based on 31P chemical shifts (Varani et al., 1996). Wat-
son-Crick base pairs were detected in imino NOESY and HNN experiments.
For nucleotides 5–10 and 15–19, involved in canonical WC base pairs, b, g,
and ε dihedral angles were loosely restrained to the range allowed for
A-form RNA (180 ± 110, 55 ± 40, and 125 ± 75, respectively). A loose
base pair planarity was applied to base pairs 10–14, to enhance conforma-
tional sampling in the apical region of the structures (Zanier et al., 2002). The
conformation of the ribose of nucleotides 5–9 and 15–19 in the stem was
restricted to C30-endo, following the absence of the corresponding correla-
tions in the H10-H20 COSY region (small 3JH10H20).
The initial values for the rhombic (r) and axial (Da) components of the align-
ment tensor were obtained by evaluating the RDC pattern distribution (Clore
et al., 1998b); an intensive grid search was performed around these values
for both Da and r, where the dipolar coupling energy term was evaluated as
a function of the alignment tensor. The minimum was found for Da = 18.5
and 18 for CDE-WT and CDE-M23, respectively, and r = 0.45; these values–1447, August 4, 2015 ª2015 Elsevier Ltd All rights reserved 1445
were employed in the refinement. The correlation between experimental RDCs
and those computed from the final structure is given in Figure S1.
Simulated annealing was performedwithminormodifications as in Falb et al.
(2010): following a high-temperature torsion angle phase at 20,000 K, the
structures were cooled first at 1,000 K in 100,000 steps, then at 50 K in
80,000 steps with a time step of 3 fs.
From the 100 calculated structures, the ten with lowest energy were refined
in water (Linge et al., 2003a; Nilges et al., 2008) and checked for quality. Eval-
uation of the structural quality was performed using Aria-1.2 (Linge et al.,
2003b). Figures were prepared with Pymol (http://www.pymol.org); analysis
of RNA structures was performed using Curves+ (Blanchet et al., 2011) and
3DNA (Lu, 2003; Lu and Olson, 2008).
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